Lipopolysaccharide (LPS) induced cytotoxicity toward mouse peritoneal macrophages from C3H/HeN mice but not C3H/HeJ mice in vitro in the presence of cycloheximide (CHX). More than 1 ng/ml LPS induced a significant time-dependent release of a cytoplasmic enzyme, lactate dehydrogenase (LDH), while even 1000 ng/ml LPS failed to induce it in LPS-non-responsive C3H/HeJ mouse macrophages. Although similar LPS-induced cytotoxicity was observed in a murine macrophage-like cell line, J774.1, but not in an LPS-resistant mutant of J774.1, the LPS1916 cell line, these results suggest that the induction of this cytotoxicity is linked to the LPS-sensitivity of mouse macrophages. A recombinant TNF-α (rTNF-α) at 100 ng/ml augmented LDH release from both C3H/HeN and C3H/HeJ macrophages treated with LPS and CHX, while rTNF-α alone or in combination with LPS or CHX failed to induce LDH release. These results suggest that this cytotoxicity might be partially regulated by high concentrations of exogenous TNF-α in both C3H/HeN and C3H/HeJ macrophages, implying a possibility of paracrine regulation of TNF-α in mice toward LPS-treated macrophages under impaired protein synthesis.
INTRODUCTION
Lipopolysaccharide (LPS) is a major component of the outer membrane of Gram-negative bacteria, and it induces endotoxin shock in mice. 1, 2 Macrophages play important roles in endotoxin shock, 3, 4 especially by producing such cytokines as TNF-α and IL-1, which have been reported to mediate endotoxin shock. [5] [6] [7] [8] The mechanisms underlying the activation of macrophages by LPS have been extensively studied even at the molecular level; for example, the binding of the LPS-LBP complex to CD14 on macrophages has been reported to be an important step in initiation of LPS signaling. [9] [10] [11] LPS-sensitive mice, C3H/HeN, are sensitive to LPS-induced shock, but LPS-non-responsive C3H/HeJ mice are not. 2 This difference between these C3H mice to endotoxin shock is due to the difference between their macrophages in LPS-sensitivity. Actually, macrophages from C3H/HeN mice produce the causative cytokines on the addition of LPS, while C3H/HeJ macrophages produce them at very low levels in vitro. 12, 13 Recently, we found the cytotoxic effect of LPS toward a macrophage-like cell line, J774.1, in the presence of a protein synthesis inhibitor, cycloheximide (CHX). 14 This cytotoxicity was suggested to be due to some direct effect of LPS because generation of TNF-α, NO or prostaglandin was not observed in LPS-treated macrophages in the presence of CHX and because neither addition of an anti-TNFα antibody nor addition of a rTNF-α affected the induction of the cytotoxicity. Moreover, this cytotoxicity of LPS was induced via apoptosis characterized on TUNEL staining, caspase-3-like protease activation or PARP cleavage into fragments. 15 In order to determine whether this cytotoxic effect of LPS is limited to this macrophage-like cell line, J774.1, or is general for primary macrophages from mice, we examined the cytotoxicity of LPS in vitro toward peritoneal macrophages from both C3H/HeN and C3H/HeJ mice, which exhibit different susceptibilities to LPS. Similar to the J774.1 cell line and an LPS-resistant mutant of J774.1, the LPS1916 cell line, LPS induced cytotoxicity towards peritoneal macrophages from C3H mice differently in response to the sensitivity to LPS. We also tried to examine whether LPS-induced cytotoxicity toward mouse macrophages might be regulated by TNF-α in the progression of inflammation.
MATERIALS AND METHODS

Materials
LPS from Escherichia coli O55:B5 was obtained from Sigma (St Louis, MO, USA). Cycloheximide was purchased from Wako Pure Chemicals (Osaka, Japan). Polyclonal anti-mouse TNF-α antibody and a recombinant mouse TNF-α were obtained from Endogen (Woburn, MA, USA), an ELISA kit for mouse TNF-α was from GeEnzyme (Cambridge, MA, USA), and a recombinant mouse IL-1β was purchased from R&D Systems (Minneapolis, MN, USA). An assay kit for lactate dehydrogenase (LDH) was obtained from Kyokuto Pharmaceutical Co., Ltd (Tokyo, Japan). Control IgG from rabbit was prepared from serum of an albino rabbit, (Japanese White, Shizuoka Laboratory Colonies, Hamamatsu, Shizuoka, Japan) by ammonium sulfate precipitation with more than 95% homogeneity.
Preparation of mouse peritoneal macrophages
Female C3H/HeN and HeJ mice, 6 weeks of age, were obtained as SPF mice from Shizuoka Laboratory Colonies. The mice were sacrificed by dislocating the cervical vertebra, and then peritoneal macrophages were immediately collected from these mice as resident macrophages by injecting sterile ice-cold saline (Ohtsuka Pharmaceutical Co., Tokushima, Japan) into the peritoneal cavity, followed by massaging and re-collection of the peritoneal washing fluid. The peritoneal cells were pooled and washed with phosphate-buffered saline, pH 7.4, without divalent cations (PBS(-)) by centrifugation, and then the number of macrophages was determined after staining with Turk. The cells were suspended and seeded onto a flat-bottomed plate with 24-well clusters (Costar #3524, Cambridge, MA, USA) in Ham's F12 medium (Flow Laboratories, McLean, VA, USA), supplemented with 10% heat-inactivated fetal bovine serum (GIBCO, Grand Island, NY, USA), 50 U/ml of penicillin and 50 µg/ml of streptomycin (Flow Laboratories) at 2 x 10 5 macrophages/ well/0.5 ml, and then incubated in a CO 2 incubator (5% CO 2 -95% humidified air) at 37°C for 1 h. The non-adherent cells, including lymphocytes, were washed thoroughly with the culture medium. The recovered adherent cells were mostly (>98%) macrophages, as judged from the Fcreceptor mediated phagocytosis of sheep red cells and Giemsa staining (data not shown), and were used for assays.
Culturing of macrophage-like cell lines
The culturing of a subline of a murine macrophage-like cell line, J774.1, and an LPS-resistant mutant cell line, LPS1916, was performed as described previously. 14 In brief, the cells were maintained and cultured in 10 ml of F-12 containing 10% FBS in a 100 mm plastic dish (Falcon #1001; Becton Dickinson, Lincoln Park, NJ, USA) at 37°C in a CO 2 incubator. In order to maintain the characteristics of the cells and their responsiveness to LPS reproducibly, the cells were passaged twice a week and used for the experiments within 3 months after the cell stock in liquid nitrogen had been defrosted.
Assaying of cytotoxicity
The cytotoxic effect of LPS was examined with the mouse peritoneal macrophages and the cultured macrophage cell lines in duplicate wells for each assay point. The cell line macrophages were also seeded at 2 x 10 5 cells/well/0.5 ml of the culture medium as described above and then incubated overnight at 37°C. For assaying cytotoxicity, the medium was replaced with 0.5 ml of fresh medium supplemented with or without 1-1000 ng/ml LPS and/or 1 µg/ml cycloheximide (CHX). The cells were incubated at 37°C usually for 4 h, and then culture supernatants were collected, transferred to microfuge tubes, and centrifuged at 10,000 rpm for 1 min at 4°C. Aliquots (300 µl) of the resultant supernatants were collected as cell-free supernatants and used for the LDH assay. As negative controls, culture supernatants were collected at 0 time of incubation and used to determine the background release of LDH. To determine the total LDH activity, cultures of non-treated cells were supplemented with a final concentration of 0.1% Triton X-100 at the end of the incubation at 37°C for 4 h, and then incubated for an additional 30 min at 37°C for complete lysis of the cells. The supernatants of these cells were centrifuged as described above to obtain cellfree supernatants.
Lactate dehydrogenase assay
An assay kit for LDH (Kyokuto Pharmaceutical Co., Tokyo, Japan) was used for determination of LDH activity according to the manufacturer's protocol based on NAD-dependent catalysis of nitrotetrazolium blue (NO 2 -TB). The results are expressed as percentage of total activity, according to the following formula: % of total = (experimental release -background release)/total activity x 100.
Assaying TNF-α
The cells were seeded at 2 x 10 5 cells/well/0.5 ml in duplicate as described above, and then the medium was replaced with fresh medium containing various concentrations of LPS. After incubation of the cells at 37°C for various times, the culture supernatants were collected in microfuge tubes and centrifuged at 10,000 rpm for 1 min at 4°C. Aliquots (300 µl) of the resultant supernatants were transferred to new tubes, followed by examination of the TNF-α content, according to the manufacturer's protocol.
RESULTS
The cytotoxic effect of LPS on C3H/HeN and C3H/HeJ mouse peritoneal macrophages in the presence of CHX
LPS induced cytotoxicity toward C3H/HeN macrophages in the presence of CHX with time, and the increase in the LDH release reached about 50% at 4 h after the addition of LPS and CHX ( Fig. 1 ). However, this cytotoxicty was not observed in C3H/HeJ macrophages even after 6 h ( Fig. 1) . As for the LPS dose for induction of the cytotoxicity, 1 ng/ml LPS induced LDH release slightly but significantly, and 1000 ng/ml LPS induced about 65% of the total LDH in the presence of CHX (Fig. 2 ). However, LPS alone did not induce the LDH release at all in C3H/HeN macrophages at more than 1000 ng/ml. On the other hand, LDH release was not observed for C3H/HeJ macrophages under these conditions (Fig. 2) . These results show that the dif- ference between C3H/HeN and C3H/HeJ macrophages in the susceptibility to LPS and CHX-induced cytotoxicity is more than 1000-fold, suggesting that the cytotoxicity depends on the sensitivity of these macrophages to LPS.
Similar results were obtained using two J774.1 macrophage-like cell lines; one is an LPS-sensitive subline of J774.1, JA-4, and the other an LPS-resistant mutant of JA-4, LPS1916. As shown previously, 14 LPS induced the cytotoxicity of LPS toward JA-4 cells but not toward LPS1916 cells in the presence of 10 µg/ml CHX. When the concentration of CHX was lowered to 1 µg/ml in the present study to compare the effects of LPS in these cell lines and mouse peritoneal macrophages, 10 ng/ml LPS induced LDH release significantly and 1000 ng/ml LPS induced the release of about 20% of the total LDH in JA-4 cells (Fig. 3 ). However, no release of LDH was observed in LPS1916 cells even in the presence of 1000 ng/ml LPS with or without 1 µg/ml CHX (Fig. 3) . The results in Figures 2 and 3 suggest that peritoneal macrophages from C3H/HeN mice are more sensitive to the cytotoxicity induced by lower concentrations of LPS and CHX than JA-4 cells, and that induction of this cytotoxicity correlates well with the LPS-responsiveness of not only cell lines but also primary macrophages. circles) mice were incubated with various concentrations of LPS at 37°C for 4 h, and then TNF-α released into the medium was examined as described in the text. The results are the means ± SE for two independent experiments. (B) Time-course of TNF-α production induced by LPS. Cells were incubated with 100 ng/ml LPS at 37°C for the numbers of hours shown on the abscissa, and then TNF-α released into the medium was examined as described previously. Symbols are the same as in (A). The results are the means ± SE for two independent experiments.
Involvement of TNF-a in the induction of the cytotoxicity
C3H/HeN macrophages produced TNF-α depending on the LPS dose, and 1.9 ng/ml TNF-α was secreted into the supernatant after treatment with 100 ng/ml LPS for 4 h (Fig. 4A ). However, very little TNF-α was produced by C3H/HeJ macrophages, and even 100 or 1000 ng/ml LPS induced the secretion of as little as 0.2 or 0.5 ng/ml TNF-α, respectively, by these macrophages in 4 h. These results support the idea that C3H/HeJ macrophages exhibit greatly reduced responsiveness to LPS, as mentioned in previous reports. 12, 13 A time-course study of the TNF-α secretion by these macrophages showed linear induction after LPS addition at 0 time and that the maximal levels were obtained 2 h after the addition of LPS (Fig. 4B) , although the amounts of TNF-α secreted by C3H/HeN and C3H/HeJ macrophages were quite different. These results imply the possibility that the lower production of TNF-α by LPS-treated C3H/HeJ macrophages is linked to the unresponsiveness of these macrophages to LPS and also in some relationship to the low responses in the LPS-and CHX-induced cytotoxicity.
We then examined a possible role of TNF-α in the induction of the cytotoxicity of LPS toward C3H/HeN macrophages in the presence of CHX. The cytotoxicity induced by LPS and CHX was slightly inhibited by the addition of both a neutralizing anti-TNF-α antibody (87.0 ± 1.8% of the control without addition of IgG, n = 6) and a control rabbit IgG (88.9 ± 1.7% of the control, n = 6). Although the difference between these two groups was statistically significant and was always greater in the anti-TNF-α antibody than in the control (P < 0.05), the absolute difference of them was very small and seemed to be marginal. These results suggest that the endogenous TNF-α does not seem to play regulatory roles in the induction of the cytotoxicity toward C3H/HeN macrophages.
Next, we examined the effect of exogenous TNF-α on the induction of the cytotoxicity. As shown in Figure 5A , the addition of 100 ng/ml rTNF-α significantly increased the LDH release induced by LPS and CHX in not only C3H/HeJ but also C3H/HeN macrophages. However, addition of TNF-α alone or together with either LPS or CHX did not elevate the LDH release. These results suggest the possibility that a high concentration of exogenous TNF-α regulates the cytotoxicity induced by LPS and CHX toward C3H mouse peritoneal macrophages.
In order to know whether this stimulatory effect of exogenous TNF-α on the macrophage cytotoxicity induced by LPS and CHX was specific or not, the cells were treated with 100 ng/ml rIL-1β as described above. As shown in Figure 5B , rIL-1β showed little effect on the cytotoxicity induced by LPS and CHX. The results suggest that the effect of exogenous TNF-α is at least selective.
DISCUSSION
In this report, we have shown that LPS induces cytotoxicity toward C3H/HeN mouse peritoneal macrophages but not toward C3H/HeJ macrophages in the presence of CHX. The addition of 1 ng/ml LPS with CHX to LPS and cycloheximide-induced C3H mouse peritoneal macrophage death 37 
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A C3H/HeN macrophages induced significant release of LDH; however, even 1000 ng/ml LPS failed to induce the cytotoxicity toward C3H/HeJ macrophages (Fig. 2) . It has been reported that C3H/HeN macrophages are sensitive to LPS, while C3H/HeJ macrophages are not. 12, 13 Actually, C3H/HeN macrophages significantly produced TNF-α after the addition of 1 ng/ml LPS, and TNF-α production increased with the LPS dose in this study (Fig. 4A ). However, little production of TNF-α was observed by C3H/HeJ macrophages with 10 ng/ml LPS, and even 1000 ng/ml LPS induced a low level of TNF-α production. These results suggest that the induction of the cytotoxicity of LPS toward mouse peritoneal macrophages has some relationship with other LPS-dependent responses of macrophages, such as TNF-α production or anti-tumor activity. Similar results were obtained for LPS-sensitive and -resistant macrophage cell lines derived from J774.1; an LPS-sensitive cell line, JA-4, which produced a high level of TNF-α depending on the LPS dose, 14 was severely damaged by LPS and CHX, while LPS1916 cells, which produced a lower level of TNF-α than JA-4, 14 were not (Fig. 3) .
The involvement of TNF-α in the cytotoxicity of LPS was examined by the addition of a neutralizing anti-TNFα antibody to LPS-and CHX-treated C3H/HeN macrophages, which showed only a slight inhibition of the cytotoxicity (precise data not shown). Although endotoxin shock has been reported to be mediated largely by such cytokines as TNF-α and IL-1, [16] [17] [18] [19] endogenous TNFα does not seem to be involved meaningfully in the cytotoxicity of mouse peritoneal macrophages induced by LPS and CHX in vitro, as was the case in J774.1 macrophage-like cell line. 14 On the other hand, the addition of a high concentration of rTNF-α, which was 50fold higher than that produced endogenously on 100 ng/ml LPS treatment (Fig. 4A) , to macrophages enhanced the cytotoxicity induced by LPS and CHX toward both C3H/HeN and C3H/HeJ macrophages (Fig. 5A ). TNF-α has been reported to exhibit synergism with bacteria or LPS as to the induction of lethality in normal mice. 20 With our system, a similar mechanism for TNF-α involved in LPS-induced cytotoxicity is suggested in the case of C3H/HeN macrophages. In spite of their very low response to the LPS action ( Fig. 4) , in C3H/HeJ macrophages, rTNF-α elevated the LDH release induced by LPS and CHX (Fig. 5A) . These results suggest that a high level of exogenous TNF-α, but not IL-1β (Fig. 5B) , partially elevates the cytotoxicity toward C3H macrophages. These results also imply a possibility of paracrine regulation by TNF-α of macrophage cytotoxicity caused by LPS and protein synthesis inhibition in a local region of inflammation or that of Gram-negative bacterial infection in mice; in the latter case, for example, virulent Salmonella infection induced abrupt inhibition of protein synthesis in J774.1 macrophage-like cell line and then induced apoptosis of the macrophages (data not shown). These bacteria also induced production and release of TNF-α from the macrophages (Amano F, Karahashi H., manuscript in preparation). In the locus of such infection, TNF-α might elevate the cytotoxic effect of Salmonella toward macrophages.
On the other hand, cell line macrophages did not show any synergistic effect of rTNF-α in LPS and CHXinduced cytotoxicity. 14 The JA-4 cell line seems to exhibit a different response to TNF-α from mouse peritoneal macrophages, possibly because JA-4 cells usually produce a low level of TNF-α in the absence of LPS (3.6 ± 0.6 ng/ml/4 h in culture), 14 and thus are always exposed to TNF-α, which might cause altered responsiveness to exogenous TNF-α in JA-4 cells.
It is still largely unknown how CHX induces macrophage cytotoxicity in the presence of LPS, although our recent works suggest the involvement of p38 MAP kinase activity which was largely elevated by CHX (manuscript in preparation). CHX might exert its action through abrupt inhibition of protein synthesis induced by LPS-treatment, leading to macrophages sensitized to the toxic effects of LPS that are usually prohibited by suppressive factors generated very early in the macrophages upon LPS addition. 14 A study of the molecular mechanisms of CHX action is now in progress.
CONCLUSIONS
In conclusion, we have shown that the cytotoxic effect of LPS in the presence of CHX is general for mouse peritoneal macrophages, according to the sensitivity to LPS. We are currently studying the mechanisms by which LPS signals lead to LDH release in the presence of CHX using a JA-4 macrophage-like cell line and mouse peritoneal macrophages.
